Main conclusion In spite of the limited investment in orphan crops, access to new technologies such as bioinformatics and low-cost genotyping opens new doors to modernise their breeding effectively.
Introduction
The practice of plant breeding has undergone unprecedented changes since the beginning of the twenty-first century. Genotyping and phenotyping technologies, genomics and analytics have all contributed to this modernisation, at least for some crops in some regions of the world. While major crops will significantly contribute to the needed global increase in agricultural production, so-called "orphan crops" are globally of localised importance. Orphan crops are often defined as staple crops grown at limited global scale, with limited global economic value-although often with great significance at the local level-and receiving limited breeding resources. Long timelines and fragmented markets tend to deter public or private endeavours from getting involved in orphan-crop breeding, and this is unlikely to change in the foreseeable future. Nonetheless, orphan crops are often vital to the local populations they serve, including both growers and downstream stakeholders, especially in developing countries where they ensure subsistence, provide diverse and nutritious diets (Balderman et al. 2016; Sogbohossou et al. 2018) , and allow for an improved response to climate threats by contributing to more diversified agricultural systems and food sources (Tadele 2018) . Considering the challenges faced by orphan-crop breeders in delivering the improved varieties that are expected from them, this paper aims to provide (1) an update on the genetic and genomics resources available, (2) a description of the crop information systems and breeding platforms available and (3) possible ways to enhance breeding efficiency using new technologies.
Demand-led validated product profiles and well-defined breeding objectives contribute significantly to breeding effectiveness, helping to define the desired commercial values critical for local markets (Kimani 2017) , including for orphan crops. Such product profiles should ensure that the selection strategies deployed for each trait will deliver varieties with significantly improved performance-meeting or exceeding demand-and, as such, with a high probability of being adopted by growers and downstream stakeholders. Furthermore, because the orphan-crop marketplace is rather fragmented, being driven by very specific requirements in terms of local adaptation or end-user preferences, generic technology developments or knowledge accumulation may not generate the required outputs. Rather, specific breeding objectives, such as relative trait priorities and improvement targets, should drive the determination of what technologies or knowledge to develop (Armstead et al. 2009 ), and where and how these will create value in breeding programmes to satisfy grower and consumer needs (Sogbohossou et al. 2018; Teeken et al. 2018 ).
Genetic and genomic resources
Until recently, the reality of orphan crops was one of very limited research investments, and very little available knowledge in genetics and genomics. This reality is evolving, often rapidly, as technologies become more affordable and the cost of knowledge generation decreases. Several international initiatives, such as the Generation Challenge Programme (GCP, www.gener ation cp.org/sunse tblog ; Ribaut et al. 2008) , provided breeders of a number of orphan crops with access to genetic and genomic technologies and knowledge previously available only for large commercial crops . They also offered new perspectives to help modernise orphan-crop breeding (Varshney et al. 2012) . Achievements in different crops included characterisation of genetic diversity , understanding the genetic basis of agronomic traits (Pandey et al. 2014 ) and identification of elite alleles at target genes (Caniato et al. 2014) for introgression in elite germplasm to impact crop performance (Carvalho et al. 2016) . Over the last decade, significant resources have been invested in sequencing orphan-crop genomes (Varshney et al. 2009 ), and in developing tools aimed at discovering and characterising loci and genes of use in molecular breeding of those sequenced species (Kamei et al. 2016) . The African Orphan Crops Consortium (AOCC, http://afric anorp hancr ops.org/), for instance, is working on sequencing 101 traditional African food crops, adding to the list of more than 700 plant species that have already been sequenced according to the US National Center for Biotechnology Information (NCBI, https ://www.ncbi.nlm.nih.gov/genom e/). The increasing number of diversity panels of orphan crops that have been genotyped using next-generation sequencing (NGS) or highdensity SNP arrays opens new perspectives on unlocking these challenging breeding traits through genome-wide association studies (Upadhyaya 2015; Xu et al. 2017; Zhang et al. 2018) or high resolution mapping in multi-parent advanced generation intercross (MAGIC) populations (Herniter et al. 2018; Ongom and Ejeta 2018) .
One very significant example of the impact that genetics and genomics have had on an orphan crop's breeding modernisation is that of groundnut, suffering narrow genetic diversity across cultivars. Developments include the construction of chromosome segment substitution line populations to broaden the genetic basis of groundnut by crossing cultivated and wild-relative germplasm (Fonceka et al. 2012) and the sequencing of the diploid ancestor of cultivated groundnut (Bertioli et al. 2016 ) and of several cultivated species (www.peanu tbase .org), leading to the development of a high-density genotyping Arachis array with thousands of SNPs that are polymorphic among cultivated varieties and wild species (Pandey et al. 2017; Clevenger et al. 2018) . Those recent achievements are now providing the basis for the identification of elite alleles for target breeding traits via association studies, while introgression lines are being deployed, such as CS-16 (Stalker 2017) , now being used as a donor line for introgression of resistance to early leaf spot and rust in popular and elite African germplasm.
Digitalising breeding and providing support
Attempting to modernise breeding without a reliable datamanagement system in place is a very risky endeavour. Many research projects and breeding programmes fall short of delivering their goals because of poor data quality, lack of documentation, or lost institutional memory. The digitalisation of breeding increases the effectiveness of seed management, data capture, quality control, documentation and analysis. It enables cumulative learning and more accurate selection decisions at all stages of the breeding process . It also entails establishing routines to standardise the storage of germplasm information (pedigree, phenotypes and genotypes), metadata (location, climate, etc.), breeding protocols and trait ontology, which in turn enables data mining and sharing of opportunities across a wider range of environments and teams (Leonelli et al. 2017) .
A number of crop information systems exist to support the digitalisation of breeding programmes, including for orphan crops. Typically, a crop information system comprises modules for data management, statistical analysis and decision support, accessible through a central workbench interface and interacting with a crop information database that supports the various stages of cultivar development . The Breeding Management System (BMS), key product of the Integrated Breeding Platform (IBP, https ://www.integ rated breed ing.net), is one such system. The BMS is a flexible system that with a little customisation is suitable to support day-to-day breeding activities for most, if not all crops, making it very attractive for digitalising breeding programmes at an institutional level. Trait dictionaries are accessible via the BMS databases for a large number of crops (Shrestha et al. 2012) , including orphan ones. Another system supporting orphan crops is CassavaBase (https ://www.cassa vabas e.org), born as part of the NextGen Cassava breeding project that promises to substantially increase the rate of genetic improvement in cassava breeding. More recently the CassavaBase system has been adapted to support additional orphan crops including yams (https ://www.yamba se.org) and bananas (https ://musab ase.org).
With the multiplication of different systems, the increasing amount of data being generated by researchers across different disciplines and the astonishing progress in cyber technologies facilitating data storage, access and exchange across systems and databases, crop information systems will soon be at the heart of modular and integrated networks hosted in the cloud, connecting different sources of information and tools to make more educated decisions. This modular approach, building on web services and API calls (Selby et al. 2019) , will allow for the integration of a number of sources of metadata (e.g. GIS and agronomic data) with scientific data (e.g. high-throughput phenotyping and genotyping) as well as access to relevant applications and/or modelling predictions to identify target haplotypes (Fig. 1) . Such an approach, already adopted by large multinational seed companies, enables the implementation of more sophisticated breeding strategies, with breeders becoming ever more empowered decision makers as they gain access to the knowledge, information and data generated over time by different teams and systems (Cooper et al. 2014) .
The BMS has already been deployed as a cloud or LAN instance at over a dozen breeding institutions, as well as several universities in sub-Saharan Africa. Although reliable Internet connectivity via routers and modems remains a major limitation, access to cloud infrastructure is rapidly improving thanks to a boom in IT development in Africa, as shown by the spread of 3G and 4G mobile technology in particular. However, development of and access to new technologies are not sufficient by themselves to prompt individuals or organisations to change their practices or to translate into sustainable adoption. Significant and adequate support of technologies that best meet users' needs are generally a "must have" to bring about a lasting change.
A couple of platforms is also available to provide access to analytical pipelines, modern breeding technologies, breeding material, and related information and services in a centralised and functional manner via a website. Born almost 10 years ago and with more than 5000 registered members 
Insights into the modernisation of breeding approaches for orphan crops
Resources allocated to the breeding of orphan crops are not expected to dramatically increase. The modernisation of orphan-crop breeding must, therefore, be achieved through more efficient use of all the relevant data, information and tools available at any point in time. Moreover, orphan crops have had a short breeding history because of the limited resources devoted to them, so some established approaches-that for other crops might have been used in the past and been left behind in the evolution towards more sophisticated breeding methodologies-may still have the potential to make a tremendous impact on the breeding efficiency of orphan ones.
A first step in the modernisation of orphan-crop breeding is to strengthen its current bases: phenotypic data and pedigrees
Phenotypic data have typically been the main source of information in breeding. This is still true for most crops, and much more for orphan crops, where the scarcity of the phenotypic data generated on a yearly basis makes the existing data even more valuable. Phenotyping still, generally, constitutes the biggest expense for low-resourced orphan-crop breeding programmes. Therefore, phenotypic data should be considered an asset and stored in crop information systems in an organised way (along with corresponding metadata) so that they can be retrieved, consolidated, and subsequently used to make better breeding decisions (Fig. 2) . Pedigree information is also "staple" information for any breeding programme. Accurate pedigree records can be of tremendous value in selecting parents for breeding populations or, combined with phenotypic data, in predicting performance from genetic correlations among relatives (Bernardo 1995; Piepho et al. 2008 ). Since few new breeding populations are launched by orphan-crop breeding programmes each year, Fig. 2 Orphan-crop breeding modernisation strategies. The figure illustrates the potential impact of using phenotypic, pedigree, or genotypic data more effectively along the different decision-making steps of the breeding cycle. Colours indicate which data type(s) can positively impact each decisionmaking process if introduced in that process or used in a new way choosing parental lines accurately-and from different pools in the case of hybrid crops-has a tremendous impact on genetic gain. Furthermore, by allowing access to accurate pedigree information and large amounts of data accumulated over years and across locations, digitalised breeding creates opportunities for breeders to leverage genomic tools and technologies, including in the discovery or validation of agronomically important loci.
A second step in the modernisation of orphan-crop breeding programmes is the introduction of new technologies or knowledge that creates value
With genomic tools and technologies increasingly being made available for orphan crops, whole-genome genotyping with generic, non-trait-linked markers is now accessible for most orphan crops through simple and low-cost platforms. An immediate application of whole-genome genotyping is marker-based quality testing of genetic materials at key stages of a breeding programme (e.g. parents and their crossed progeny). Such a step is critical to ensure the accuracy of pedigrees, and of the corresponding breeding decisions (Fig. 2) .
Furthermore, because of their short breeding history, orphan crops are likely to still contain large-effect favourable or deleterious alleles that have not yet been fixed or eliminated, respectively. The availability of knowledge about these loci, and of tools to manipulate their allele frequencies, can be mobilised to develop trait-linked markers. Those markers can then be used to very effectively select for favourable alleles or against deleterious ones (Fig. 2) at loci involved in simple (Knapp 1998) or, in the case of orphan crops, even moderately complex traits, such as resistances to pests, plant architecture, or nutritional composition. Traitlinked markers can also be used to successfully introduce new traits into elite or popular cultivars (Ragot et al. 1995) . These relatively simple approaches have a high probability of resulting in significant genetic gain for target traits in the short to medium term.
A word of caution is needed, however. Allelic effects observed in upstream research and discovery projects do not necessarily hold true in target breeding material because of different allelic compositions, genetic background effects, or environmental effects. Research and discovery projects designed to be genetically relevant to specific breeding programmes can be expected to have a much more significant impact on simple to moderately complex orphan-crop traits than projects with inaccurately defined breeding targets. High levels of impact should be easily ensured by connecting academic institutions that run such research and discovery projects with specific breeding programmes from the onset.
Lastly, using markers to identify and manipulate loci involved in complex traits, such as most abiotic stresses, remains a major challenge. Therefore, and despite some promising results (Ozimati et al. 2018) , the development of predictive models and their implementation in genomic selection (Dawson et al. 2013; Gaspare et al. 2018) , for which the availability of sufficient good-quality phenotypic data is often the limiting factor (Perez-de-Castro et al. 2012) , still remains a rather distant prospect for most orphan crops in Africa.
Reality check and challenges
In spite of the recent research investments mentioned above (often driven by major crops), many orphan crops remain orphan from a breeding perspective because they are not being sufficiently supported with funding. Modernising breeding for orphan crops requires more than just access to genetic and genomic resources, bioinformatics and technological platforms that link phenotypes to genotypes, though these remain critical components .
While digitalising breeding reduces the technical challenges to data sharing, institutional memory and collaboration, it does not remove the institutional, social, or behavioural barriers that prevent change (Eisenberg 2006) . Among other factors, competition around discovery and publication, conflicting interests, capacity gaps, lack of common standards, and widespread norms all still discourage scientific collaboration and the open sharing of resources (Campbell and Bendavid 2003; Shibayama et al. 2012; Fusi et al. 2018) . Modernising breeding for orphan crops may be less about technology than about creating a responsive and enabling environment to fuel people's eagerness to explore and implement best breeding practices for effective delivery.
The emerging new generation of African breeders represents a tremendous opportunity to empower such a cultural change (Diop et al. 2013) . Several African universities have, with the support of international funding and collaborations, developed excellent PhD programmes in crop improvement. As a consequence, the level of education and expertise in breeding has increased significantly in a number of countries (Suza et al. 2016 ). The next challenge will be to retain the best and brightest young minds, and to create a growth setting for innovative scientists and plant breeders who see a future in African agriculture and want to work on the potential for sub-Saharan Africa to feed itself (van Ittersum et al. 2016) . "Brain drain" remains a major challenge for Africa in general, and low salaries combined with limited opportunities to implement what they have learned at universities is one of the major challenges faced by young breeders (Davies and Ribaut 2017) .
Conclusions
In short, the tools and the methodologies exist, and the opportunities to modernise the breeding of orphan crops are real. However, resources allocated to orphan-crop breeding are thin and practical limitations on the implementation of modern technologies, such as the production of reliable phenotypic data, remain major bottlenecks.
Given that inherent scarcity of phenotypic data, the modernisation of orphan-crop breeding programmes must focus on first accumulating and integrating quality phenotypic data generated over time, and second leveraging that data in the most effective possible way. Data accumulation and integration can be achieved through the digitalisation of breeding programmes, and several tools exist that are within reach of orphan-crop breeders. Digitalisation helps increase data quality, as do molecular markers when used to verify pedigrees to ensure that actions reflect decisions. Digitalisation of orphan-crop breeding programmes also helps fastening breeding (e.g. data capture and parental selection) and supporting the discovery of new and leverage existing genetic information. Marker-trait associations discovered or validated in specific breeding materials through the mobilisation of accumulated phenotypic and pedigree information can be used to effectively conduct forward or backcross breeding in orphan crops. The increasing number of such marker-trait associations currently available could expand even further and faster if research projects aimed at discovering such associations were based on germplasm relevant to orphancrop breeding programmes.
In addition, providing resources to support sustainable access to, and adoption of, relevant technologies-ensuring that both infrastructure and human resources are in placewill have an even greater impact on orphan-crop productivity in the medium to long term. Finally, in improving breeding efficiency it is critical to start with better, targeted definition and documentation of breeding objectives and product profiles in alignment with consumer and market demand, all the while considering socioeconomic and agro-ecological challenges. These should in fact be the key drivers in identifying the most suitable breeding strategy to achieve real impact in the fields of orphan-crop producers.
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